Interfacial morphology is not only paramount for charge extraction and transport but also dramatically affects the morphology of the upper active layer, thereby influencing the ultimate power conversion efficiency. However, detailed investigation of the instinctive self-assembly of conjugated polyelectrolytes (CPEs) as the electron transport layers (ETLs) in polymer solar cells (PSCs) has rarely been investigated. dipoles. More intriguingly, the spontaneous self-assembly of the diblock polymers can act as a template to induce the upper active layer to form ordered wide nanowire and nanofiber morphology. The more ordered morphology is beneficial for charge extraction and transportation. Consequently, the devices based on poly(3-hexylthiophene) (P3HT):(6,6)-phenyl-C 61 butyric acid methyl ester (PC 61 BM) with ZnO/ PF EO -b-PCNBr and ZnO/PF EO -b-PTNBr as ETLs deliver notable power conversion efficiencies (PCEs) of 3.6% and 3.8%, respectively, which is distinctly enhanced compared to 3.0% for the device with pure ZnO as an ETL. These findings indicate that the self-assembled diblock CPEs ETLs provide a novel strategy for optimization of the morphology of the upper active layer and performance of the PSCs.
Introduction
Bulk heterojunction (BHJ) polymer cells (PSCs) have received increasing attention owing to their advantages, such as mechanical exibility, low-cost and large-scale roll-to-roll production. [1] [2] [3] [4] [5] Recently, PSCs have achieved tremendous progress, and the power conversion efficiency (PCE) has been boosted to over 11%. [6] [7] [8] [9] However, several scientic issues and challenges, such as efficient charge carrier separation, transfer, and collection, must be overcome before large-scale commercial production. To solve these problems, the electrode and the active layer need to form good ohmic interfacial contact and the morphology of the light-harvesting layer can self-assemble into the nanostructure domain. 10, 11 Good interfacial contact and superior morphologies of the interlayer and active layer are very crucial for efficient charge separation and transportation and collection. If an interfacial layer can simultaneously tune the interfacial barrier and improve the morphology of the active layer, that may be the most promising strategy. Conjugated polyelectrolytes (CPEs) are composed of a delocalized p conjugated backbone and functional polar ionic side chain. Owing to the existence of the polar ionic groups on their side chains, CPEs can realize environmentally friendly water and alcohol processing. In addition, CPEs could avoid intermixing with the upper hydrophobic active layer owing to the orthogonal solubility. Meanwhile, owing to the electrostatic interaction at the interface of CPEs/metal electrode, an aligned interfacial dipole assembly can be formed, which can lower the work function (WF) of the cathode electrode, facilitate the electron extraction and collection, and enhance the PCE of the device.
Diblock conjugated polymers are composed of two different blocks in the backbone, which can self-assemble into ordered nanostructures spontaneously driven by the immiscibility of the blocks and/or crystallinity differences. 12, 13 If the advantages of diblock conjugated polymers and CPEs are merged, the resulting diblock CPEs (DBCPEs) can possess novel functionalities, such as forming ordered nanostructures, lowering the WF and interfacial barrier, environmentally friendly fabrication, and so on. The obtained self-assembled DBCPEs can not only decrease the interfacial barrier, but also act as a diblock template to induce the upper active layer to form a more ordered nanostructure. However, DBCPEs as the cathode interlayer to modulate the morphology of the upper active layer and diminish the interfacial barrier have rarely been reported. In addition, Maes et al. reported that the nonionic polar oxyalkyl side chains are benecial for the improvement of the compatibility of the interlayer and the photoactive layer. Meanwhile, the presence of an ionic pendant interlayer leads to the formation of a capacitive double layer, boosting the charge extraction and device efficiency.
14 Cationic ammonium ions can endow the polymer with water/alcohol processing and induce the formation of large interfacial dipoles between the active layer and the high work-function metal cathodes.
15-21 Based on the above reasons, we designed and synthesized a novel diblock CPE with ethylene oxide and ammonium cationic side chains polar groups, and uorine and carbazole as blocks, named as poly[ (9,9- 
To explore the detailed relationship between the structural assembly of CPE ETLs on the crystalline ordering, the morphology of the upper active layer and the device photovoltaic performance, the diblock CPE PF EO -bPTNBr synthesized from our previous literature 22 has been used for comparison. Both diblock CPEs PF EO -b-PCNBr and PF EO -bPTNBr have ethylene oxide and a quaternary ammonium cationic polar side chain; the main difference is the former has uorine and carbazole diblocks, but the latter has uorine and thiophene diblocks. In comparison to the bare ZnO ETL, ZnO/ PF EO -b-PCNBr and ZnO/PF EO -b-PTNBr ETLs can not only form a more aligned interface dipole to decrease the interfacial energy barrier, but can also act as diblock CPE templates to induce the upper active layer to form well-assembled nanober and wide nanowire morphology, which can promote electron extraction and transportation. Consequently, introducing the DBCPEs-modied ZnO as ETLs into the inverted PSCs based on the poly(3-hexylthiophene) (P3HT):(6,6)-phenyl-C 61 butyric acid methyl ester (PC 61 BM) system can dramatically enhance the photovoltaic parameters of the solar cells simultaneously, including the open-circuit voltage (V oc ), short-circuit current density J sc , ll factor (FF) and power conversion efficiency (PCE). The enhancement of the photovoltaic property should be ascribed to the improved morphologies of the interlayer and active layer, as well as the good interfacial contact.
Results and discussion

Synthesis and characterization
The chemical structures of the diblock polymers F EO -b-PCNBr and PF EO -b-PTNBr are shown in Chart 1 and the detailed synthetic routes of the dibolck polymers are presented in Scheme S1 † (the detailed synthetic information is provided in the ESI †). The diblock polymer PF EO -b-PTNBr was synthesized according to our previous literature. 22 The diblock polymer PF EO -b-PCBr was rst prepared by Kumada catalyst transfer coupling polymerization between 2,7-dibromo-9,9-bis(2-(2-(2-methoxyethoxy)ethoxy)ethyl)-9H-uorene and 2,7-dibromo-9-(6-bromohexyl)-carbazole. The weight average molecular weight (M w ) and number-average molecular weight (M n ) of PF EO -b-PCBr were estimated by size exclusion chromatograms (SEC) to be 14 800 and 11 800 g mol À1 , respectively, with a dispersity index Fig. S2 . † Thanks to the polar pendant groups, quaternary ammonium salt and alkoxy group, all the ionized diblock CPEs PF EO -b-PCNBr and PF EO -b-PTNBr can be easily dissolved in polar solvents, such as water, methanol (CH 3 OH), N,N-dimethylformamide (DMF), and dimethyl sulfoxide (DMSO). In addition, all the intermediates and the nal diblock polymers have been thoroughly puried, and the chemical structures of the products are conrmed by nuclear magnetic resonance spectra (NMR).
Diblock conjugated polymers composed of two different conjugated blocks are well known to self-organize spontaneously at the nanometer scale both in solution and the solid state due to the immiscibility of the blocks and/or crystallinity differences. 23, 24 Transmission electron microscopy (TEM) was carried out to understand how the introduction of selfassembled templates of diblock CPE ETLs would affect the upper active layer lm morphology behavior. Intriguingly, compared with the morphology of pristine ZnO (Fig. 1a) , both diblock CPEs modied ZnO show more ordered morphologies as presented in Fig. 1b and c. Obviously, from Fig. 1a for the bare ZnO, we just see the classical ZnO nanoparticles morphology, while for the Fig. 1b , ordered self-assembled dendritic morphology has been observed in ZnO/PF EO -bPCNBr. ZnO/PF EO -b-PTNBr lm is shown in Fig. 1c , and we can nd ordered nanobers morphology. These more ordered morphologies should be ascribed to the self-assembly of the diblock CPE itself and the electrostatic interaction between the diblock CPE and ZnO. More interestingly, in contrast to the morphology of P3HT:PC 61 BM deposited on bare ZnO (Fig. 1d) , insertion of the diblock CPE interlayer between the ZnO and the active layer can realize well optimize the morphology of the upper layer P3HT:PC 61 BM. As depicted in Fig. 1 In order to further investigate the self-assembly behaviors of ZnO/PF EO -b-PCNBr and ZnO/PF EO -b-PTNBr ETLs on the morphology and crystallization of the upper active layer, the UVVis absorption spectra and X-ray diffraction (XRD) patterns of the P3HT:PC 61 BM active layer with and without CPE substrate are characterized. As shown in Fig. 2a , the UV spectra of P3HT:PC 61 BM lms deposited on ZnO/CPEs show red-shi bands with higher intensity than that of the pristine P3HT:PC 61 BM lm. Moreover, a shoulder peak at 604 nm is detected, indicative of characteristic peaks of the crystalline P3HT. 25 In addition, the UV spectrum of P3HT:PC 61 BM lms spin-coated on ZnO/PF EO -b-PTNBr shows a red-shi band compared to that of ZnO/PF EO -b-PCNBr, which may be because the structural difference between uorene and thiophene is bigger than that of uorene and carbazole. Diblock polymers are well known to self-assemble into well-ordered nanoscale morphologies spontaneously, which is driven by the thermodynamic incompatibility of the two blocks. 26,27 X-ray diffraction (XRD) experiments were employed with the aim of further verifying the superior morphology of P3HT:PC 61 BM lms spincoated on ZnO/CPEs compared to that of bare ZnO. As described in Fig. 2b, relative To further clarify the interface interaction and cooperation assembly between the ZnO and CPEs, the X-ray photoelectron spectra (XPS) of pristine ZnO and ZnO/CPEs were obtained and are presented in Fig. 3a . As shown in Fig. 3b , the characteristic N 1s peak (at $400 eV) assigned to nitrogen atom in the ZnO/ PF EO -b-PCNBr and ZnO/PF EO -b-PTNBr spectra is clearly detected, suggesting that the CPEs are successfully spin-coated on the surface of the ZnO. For bare ZnO, N 1s peaks cannot be observed. The O 1s peak spectra of the bare ZnO and ZnO/CPEs are shown in Fig. 3c . In contrast to the peak in pristine ZnO detected at 530.16 eV, the O 1s peaks for ZnO/PF EO -b-PCNBr and ZnO/PF EO -b-PTNBr are shied to 529.91 and 529.87 eV, which are shied towards lower binding energy by 0.25 and 0.29 eV, respectively. The shis to the lower binding energy may be owing to the higher negative charge density on O 2À ions, which originates from the strong interfacial interaction. 28, 29 Similarly, as shown in Fig. 3d , compared to pristine ZnO 1021.7 eV, the Zn To explore surface property and further characterize the interfacial interaction of the ZnO/CPEs bilayers, the water contact angle measurements are carried out (Fig. 4) . The water of contact angles for ZnO, ZnO/PF EO -b-PCNBr and ZnO/PF EO -bPTNBr are 66 , 56 and 52 (Fig. 4a-c) , respectively. Interestingly, aer annealing, the water contact angles of ZnO/PF EO -b-PCNBr and ZnO/PF EO -b-PTNBr are increased to 67 and 69 ( Fig. 4e and   f) , which reveals that the hydrophobicity of the ZnO/CPEs bilayers been remarkably enhanced upon thermal annealing. As schematically illustrated in Fig. 4d , the enhanced water contact angles could be attributed to some hydrophilic polar side chains of CPEs pointing to the ZnO substrate and hydrophobic diblock conjugated polymer backbone pointing away from ZnO aer thermal annealing. The substantially improved hydrophobicity of the ZnO/CPEs could form superior interfacial contact with the upper photon-harvesting layer compared to that of ZnO, in favor of the charge transport and collection.
To explore the effect of diblock CPEs on the ZnO ETL, ultraviolet photoelectron spectroscopy (UPS) was used to study the energy levels of the ZnO and ZnO/CPEs ETLs. As presented in 
where hn is the incident photon energy (hn ¼ 21. PF EO -b-PCNBr and ZnO/PF EO -b-PTNBr are obtained from the UV-vis absorption spectra to be 3.28 eV, as shown in Fig. S3 . † Based on the values of optical gaps and HOMO, the lowest unoccupied molecular orbital (LUMO) energy levels are À4.55 eV for bare ZnO, À4.04 eV for ZnO/PF EO -b-PCNBr and À3.81 eV for ZnO/PF EO -b-PTNBr. The corresponding energy level data are summarized in Table S1 . † The energy-level diagram of the PSCs and electrical contacts of the diblock ZnO/CPEs ETLs based on P3HT:PC 61 BM device is presented in Fig. 5b . The shis of energy levels among ZnO and ZnO/CPEs demonstrate that diblock CPEs PF EO -b-PCNBr and PF EO -bPTNBr can easily modulate the LUMO level of ZnO. Moreover, aer introducing a thin layer of diblock CPEs between ZnO and the active layer, the ETL-active layer interface can form favorable ohmic contact, which is benecial to charge separation, transfer and collection. The tuning energy levels of ZnO modied by diblock CPEs ETLs indicate that favorable interfacial dipoles are generated between the ZnO and CPEs interface. Although the structures of PF EO -b-PCNBr and PF EO -b-PTNBr mainly differ in the backbone, the binding-energy of ZnO/PF EOb-PTNBr shis to the lower energy level in comparison to ZnO/ PF EO -b-PCNBr, indicating that ZnO/PF EO -b-PTNBr can provide a stronger interfacial interaction and a larger interfacial dipole moment than ZnO/PF EO -b-PCNBr does. The results are in accordance with those of XPS. To further discuss the interfacial interaction between diblock CPEs and ZnO, Kelvin probe microscopy (KPM) was used to characterize the effective work function (WF) of pristine ZnO and ZnO/CPEs. As depicted in Fig. 5c , the WF of bare ZnO is 4.41 eV. However, the WF decreased aer being modied by diblock CPEs, with a value of
WF, which is well consistent with the UPS measurement. In order to more visually understand the variation of WF between ZnO and ZnO/CPEs, the effective work function bar graphs from KPM of the bare ZnO, ZnO/PF EO -bPCNBr and ZnO/PF EO -b-PTNBr ETLs are shown in Fig. 5d .
To explore whether the insertion of diblock CPEs will affect the light absorption of the active layer, the optical transmittance spectra of ZnO and ZnO/CPEs ETLs are investigated as displayed in Fig. S4 . † Visibly, the optical transmittance spectra of ZnO and ZnO/CPEs ETLs are almost the same, suggesting that the diblock CPEs layers would not hinder the light-absorption of active layer. To gain insight into the inuence of the ZnO/ CPEs as ETLs on the photovoltaic performance of the organic solar cells, inverted devices based on ZnO/CPEs ETLs were fabricated with the structure of ITO/ZnO/CPEs/P3HT:PC 61 BM/ MoO 3 /Ag. The illuminated current density-voltage (J-V) curves of the inverted PSCs based on P3HT:PC 61 BM active layer with ZnO and ZnO/CPEs ETLs are shown in Fig. 6a , and the corresponding device data are summarized in Table 1 . The error bars of V oc , PCE, FF and J sc are shown in Fig. 6c 
Conclusions
To summarize, a novel self-assembly water/alcohol soluble diblock CPE PF EO -b-PCNBr has been synthesized for the rst time and applied as ZnO/PF EO -b-PCNBr bilayer ETL for inverted bulk-heterojunction PSCs based on P3HT:PC 61 BM. Meanwhile, in order to explore the correlations between the structural assembly of CPEs ETLs on the crystalline ordering, morphology of the upper active layer and device photovoltaic performance, the diblock CPE PF EO -b-PTNBr synthesized from our previous literature was used for comparison. Although the structures of PF EO -b-PCNBr and PF EO -b-PTNBr mainly differ in the backbone, polymer PF EO -b-PTNBr exhibited better performance. Compared with bare ZnO ETL, ZnO/PF EO -b-PCNBr and ZnO/ PF EO -b-PTNBr ETLs not only can form a more aligned dipole moment to lower the interfacial energy barrier, but can also act as diblock CPEs templates to induce the upper active layer to form more ordered nanober and wide nanowire morphology, which can facilitate the electron extraction and transportation. It should be mentioned that incorporation of the ZnO/CPEs as the bilayer cathode buffer layer can simultaneously enhance the device performance, including V oc , J sc , FF and PCE. Meanwhile, the superior photovoltaic performance of ZnO/PF EO -b-PTNBr compared to the analogue ZnO/PF EO -b-PCNBr originates from the stronger interfacial dipole moment and better morphology of the active layer, which are benecial for more efficient charge separation and transfer. Diblock CPEs PF EO -b-PCNBr and PF EOb-PTNBr have combined the advantages of block polymers and conjugated polyelectrolytes, which can simultaneously tune the interfacial work function and the upper active layer morphology. By proper design and synthesis, diblock CPEs are prospected to be promising candidates to apply in roll-to-roll manufacturing techniques for high performance PSCs. 
